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Background: Previous research suggests perfluorooctanoic acid (PFOA) and perfluorooctane 
 sulfonate (PFOS) may be associated with adverse pregnancy outcomes.

oBjective: We conducted a population-based study of PFOA and PFOS and birth outcomes from 
2005 through 2010 in a Mid-Ohio Valley community exposed to high levels of PFOA through 
drinking-water contamination.

Methods: Women provided serum for PFOA and PFOS measurement in 2005–2006 and reported 
reproductive histories in subsequent follow-up interviews. Reported singleton live births among 
1,330 women after 1 January 2005 were linked to birth records (n = 1,630) to identify the out-
comes of preterm birth (< 37 weeks gestation), pregnancy-induced hypertension, low birth weight 
(< 2,500 g), and birth weight (grams) among full-term infants.

results: We observed little or no evidence of association between maternal serum PFOA or PFOS 
and preterm birth (n = 158) or low birth weight (n = 88). Serum PFOA and PFOS were both posi-
tively associated with pregnancy-induced hypertension (n = 106), with adjusted odds ratios (ORs) 
per log unit increase in PFOA and PFOS of 1.27 (95% CI: 1.05, 1.55) and 1.47 (95% CI: 1.06, 
2.04), respectively, but associations did not increase monotonically when categorized by quintiles. 
Results of subanalyses restricted to pregnancies conceived after blood collection were consistent 
with the main analyses. There was suggestion of a modest negative association between PFOS 
and birth weight in full-term infants (–29 g per log unit increase; 95% CI: –66, 7), which became 
stronger when restricted to births conceived after the blood sample collection (–49 g per log unit 
increase; 95% CI: –90, –8).

conclusion: Results provide some evidence of positive associations between measured serum per-
fluorinated compounds and pregnancy-induced hypertension and a negative association between 
PFOS and birth weight among full-term infants.

citation: Darrow LA, Stein CR, Steenland K. 2013. Serum perfluorooctanoic acid and per-
fluorooctane sulfonate concentrations in relation to birth outcomes in the Mid-Ohio Valley, 
2005–2010. Environ Health Perspect 121:1207–1213; http://dx.doi.org/10.1289/ehp.1206372

Introduction
Perfluorooctanoic acid (PFOA, or C8) and 
perfluorooctane sulfonate (PFOS) are syn-
thetic, environmentally persistent perfluori-
nated compounds (PFCs). PFOA has been 
used in the manufacture of fluoropolymers 
such as polytetrafluoroethylene (i.e., Teflon) 
since the 1940s. PFOS exhibits similar proper-
ties and, like PFOA, has been used in a variety 
of consumer products (e.g., Scotchgard) for its 
stain-, grease- and water-resistant properties. 
Biomonitoring of the general U.S. population 
indicates that exposure to PFOA and PFOS is 
nearly ubiquitous, with > 99% of people tested 
in 2003–2004 showing detectable levels of 
both PFOA and PFOS in their blood (Calafat 
et al. 2007).

Previous epidemiologic studies of PFCs 
and pregnancy outcomes in the general popu-
lation provide inconsistent evidence of associa-
tions with birth outcomes such as birth weight 
and length of gestation (Apelberg et al. 2007; 
Fei et al. 2007; Hamm et al. 2010; Washino 
et al. 2009); both PFOA and PFOS cross 
the placental barrier (Midasch et al. 2007). 
Toxicological studies have reported evidence 
of reproductive effects in mice and rats, includ-
ing reduced birth weight, neonatal death, and 

reduced postnatal growth, but at higher expo-
sure levels than measured in human popu-
lations with background levels of exposure 
(Lau et al. 2007). In addition, extrapolation 
between species is complicated by differences 
in PFC metabolism and half-lives among 
humans, nonhuman primates, and rodents.

In the present study we focused on a 
popula tion in the Mid-Ohio Valley liv-
ing near a chemical manufacturing plant in 
Parkersburg, West Virginia. The DuPont 
Company’s Washington Works factory has 
used PFOA in the manufacture of fluoro-
polymers since 1951, with use peaking in the 
1990s. Community residents were exposed 
to high levels of PFOA through ground-
water contamination (2005–2006 serum 
median = 28 ng/mL) with residents in cer-
tain water distribution districts more highly 
exposed than others (Steenland et al. 2009). 
The median PFOA level in the U.S. popu-
lation in 2003–2004 was 4 ng/mL (Calafat 
et al. 2007). In 2001 a class action lawsuit led 
to initiation of the C8 Health Project, a sur-
vey of 69,030 people who had been exposed 
to PFOA-contaminated drinking water 
in specific water districts in Ohio and West 
Virginia for at least 12 months between 1950 

and 2004 (Frisbee et al. 2009). The survey 
included collection of demographic informa-
tion, medical histories, health-related behav-
iors, clinical laboratory measurements, and 
serum measurement of PFOA and other PFCs. 
A subset of participants who were at least 
20 years old at the time of enrollment in the 
C8 Health Project (n = 32,254) participated 
in one or two follow-up interviews between 
2008 and 2011 as part of the Community 
Follow-up Study (C8 Science Panel 2013). 
For the present study, we examined outcomes 
among births to Community Follow-up Study 
participants that occurred after 1 January 
2005; outcomes of births that occurred 
before 2005 were examined previously (Savitz 
et al. 2012b).

Four recent retrospective cohort studies 
have examined relationships between PFOA 
and pregnancy outcomes in this highly 
exposed Mid-Ohio Valley region (Nolan et al. 
2010; Savitz et al. 2012a, 2012b; Stein et al. 
2009). Two studied birth outcomes among 
women who were enrolled in the C8 Health 
Project or resided in the study area in relation 
to modeled historical estimates of personal 

Address correspondence to L. Darrow, Emory 
University, 1518 Clifton Rd., Atlanta, GA 30322 
USA. Telephone: (404) 727-4595. E-mail: ldarrow@
emory.edu

Supplemental Material is available online (http://
dx.doi.org/10.1289/ehp.1206372).

We are grateful to the study participants and 
to the West Virginia Department of Health and 
Human Resources, Bureau for Public Health, 
Health Statistics Center; and the Ohio Department 
of Health, Center for Public Health Statistics and 
Informatics for the birth record data. We also thank 
D. Savitz and T. Fletcher for their comments.

This research was funded by the C8 Class Action 
Settlement Agreement (Circuit Court of Wood 
County, West Virginia) between DuPont and 
Plaintiffs, which resulted from releases of perfluoro-
octanoic acid (PFOA, or C8). K.S. is one of three 
members of a Court approved C8 Science Panel 
established under the Settlement Agreement to deter-
mine if there are probable links (as defined in the 
Settlement Agreement) between PFOA and disease. 
Funds are administered by an agency that reports to 
the Court, and work is independent of either party to 
the lawsuit. Probable link determinations of the C8 
Science Panel are available on the C8 website (http://
www.c8sciencepanel.org/). C.R.S. was supported 
by the National Institute of Environmental Health 
Sciences (K01ES019156).

The authors declare they have no actual or potential 
competing financial interests.

Received: 6 December 2012; Accepted: 8 July 
2013; Advance Publication: 9 July 2013; Final 
Publication: 1 October 2013.

http://dx.doi.org/10.1289/ehp.1206372
mailto:ldarrow@emory.edu
mailto:ldarrow@emory.edu
http://dx.doi.org/10.1289/ehp.1206372
http://dx.doi.org/10.1289/ehp.1206372
http://www.c8sciencepanel.org
http://www.c8sciencepanel.org
http://dx.doi.org/10.1289/ehp.1206372


Darrow et al.

1208 volume 121 | number 10 | October 2013 • Environmental Health Perspectives

exposure to PFOA based on residential histo-
ries and environmental dispersion of PFOA 
(Savitz et al. 2012a, 2012b). Another study 
used birth record data to compare pregnancy 
outcomes among mothers living in the most 
contaminated water district (based on the 
mother’s postal code) with outcomes among 
mothers living in nearby areas (Nolan et al. 
2010). The fourth study estimated associations 
between measured serum PFOA and PFOS 
concentrations and pregnancy outcomes that 
occurred before the blood samples were col-
lected (Stein et al. 2009). All of these stud-
ies examined birth outcomes retrospectively, 
before 2005–2006, when the C8 Health 

project took place. In contrast, most birth 
outcomes included in the present analysis 
(74%) occurred after blood samples were col-
lected at enrollment in the C8 Health Project, 
thus allowing for the first prospective assess-
ment of maternal biomarkers of exposure and 
 subsequent birth outcomes in this population.

Methods
Study population. Participants who enrolled 
in the C8 Health Project between 2005 and 
2006 (n = 69,030) completed a demographic 
and health questionnaire and provided serum 
for measurement of PFOA and PFOS. A sub-
set of participants in the C8 Health Project 
(n = 32,254) participated in one or two 
 follow-up interviews between 2008 and 2011 
as part of the Community Follow-up Study. 
To be included in this analysis, women must 
have provided a blood sample at enrollment 
in the C8 Health Project, completed at least 
one follow-up interview, and reported at least 
one live birth between 2005 and 2010. In the 
follow-up interviews (completed online or by 
trained telephone interviewers) women were 
asked about their entire reproductive history, 
including pregnancies that had occurred since 
their C8 Health Project enrollment interview. 
For each reported pregnancy, women were 
asked “Would you please tell us the month 
and year that the pregnancy ended?” and 
“What was the outcome of the pregnancy?” 
with the following response options: “live 
birth of single child,” “live birth of multiple 
children,” “miscarriage,” “stillbirth,” “termina-
tion/abortion,” “tubal,” “molar,” “ectopic.” In 
these follow-up interviews women were not 
asked specifically about birth weight, gesta-
tional age, or pregnancy-induced hypertension 
(PIH); therefore, these birth outcome data 
were obtained by linkage to birth records.

Reported live births that occurred on or 
after 1 January 2005 (n = 2012) were linked 
to birth records at the Ohio Department 
of Health (Columbus, OH) and the West 
Virginia Department of Health and Human 
Resources (Charleston, WV) using combi-
nations of the following variables: mother’s 
social security number, mother’s first name, 
mother’s last name, mother’s date of birth, 
and month and year of the reported live birth. 
Of the live births reported in the follow-up 
interviews, 83% (n = 1,665) were ultimately 

linked to a birth record in West Virginia or 
Ohio. Maternal serum concentrations were 
similar between the population of matched 
and unmatched births with average PFOA 
levels of 31.1 ng/mL (median = 12.9) 
in the unmatched group compared with 
31.0 ng/mL (median = 14.3) in the matched 
group. Average PFOS levels were 15.3 ng/mL 
(median = 12.8) in the unmatched group and 
15.6 ng/mL (median = 13.9) in the matched 
group. Other characteristics also were similar 
between the two groups (data not shown), 
except that women who were not matched 
tended to be more highly educated (38% were 
college educated vs. 23% in the linked group) 
(see Table 1 for the characteristics evaluated).

To maximize sample size without dupli-
cating previously analyzed data, we included 
all live births after 1 January 2005, even if the 
birth occurred before enrollment in the C8 
Health Project (2005–2006). Birth record 
data for births occurring through 2004 were 
analyzed previously (Savitz et al. 2012b). 
Approximately 26% of the births in the pres-
ent analysis occurred before the C8 Health 
Project enrollment interview (median = 206 
days before, maximum = 528 days before 
blood sample collection) and 74% occurred 
after enrollment (based on estimated con-
ception dates, 22% were conceived before 
enrollment, and 52% were conceived after 
enrollment). The estimated conception 
date was 2 weeks after last menstrual period 
(LMP), and, for almost all of the births 
(> 99%), was within 3 years of the serum 
collection. Figure 1 illustrates the timing of 
the enrollment and follow-up interviews in 
relation to the births.

We examined the following outcomes, 
obtained from birth records, in relation to 
PFOA and PFOS: preterm birth (< 37 weeks 
gestation), PIH, low birth weight (< 2,500 g), 
and continuous birth weight (grams) among 
full-term infants (≥ 37 weeks gestation). 
Gestational age was calculated based on LMP. 
PIH is defined as the onset of hypertension 
after the 20th week of gestation; indication 
of PIH on the birth record may also include 
preeclampsia (PIH accompanied by protein 
in the urine). Analyses were restricted to sin-
gleton births among white women due to the 
small number of births to nonwhite women 
in the study (n = 27 births). Births to women 

Table 1. Study population characteristics by birth 
and by women.

Characteristic n (%)

Births 1,630
Birth outcome

Preterm birth (< 37 weeks) 158 (10)a
Low birth weight (< 2,500 g) 88 (5)a
PIH 106 (7)

Maternal age (at conception)
19–29 years 1,112 (68)
30–34 years 378 (23)
≥ 35 years 140 (9)

Parity
0 previous live births 570 (35)
≥ 1 previous live birth 1,060 (65)

Year of birth
2005 413 (25)
2006 322 (20)
2007 328 (20)
2008 272 (17)
2009 184 (11)
2010 111 (7)

Year of conception
2004 289 (18)
2005 367 (23)
2006 300 (18)
2007 308 (19)
2008 201 (12)
2009 159 (10)
2010 6 (< 1)

Maternal smoking
Current 452 (28)
Former 394 (24)
Never 784 (48)

Individual women 1,330
Births per woman included in analysis

1 1,055 (79)
2 250 (19)
3 25 (2)

Education (years)b
< 12 75 (6)
12 353 (27)
13–15 598 (45)
≥ 16 304 (23)

Body mass index (kg/m3)b
Underweight < 18.5 41 (3)
Normal 18.5 to < 25 546 (41)
Overweight 25 to < 30 354 (27)
Obese ≥ 30 389 (29)

Diabetes (yes)c 53 (4)
aTwo birth records missing gestational age, one  missing 
birth weight. bAt time of enrollment. cSelf-reported 
 physician-diagnosed diabetes (other than during 
 pregnancy).

Figure 1. Study timeline. Enrollment indicates timing of blood collection and participation in the C8 Health 
Project health interview (enrollment interview). Births included in the study occurred before enrollment (26%), 
had been ongoing pregnancies at the time of enrollment (22%), or were conceived after enrollment (52%).

2005 2006 2007 2008 2009 2010 2011

Enrollment
August 2005–July 2006

Follow-up interviews
August 2008–May 2011

Births (January 2005–October 2010)
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> 45 years of age were excluded (n = 2). After 
exclusions, there were 1,630 singleton births 
included in the analyses.

Covariate data were obtained from both 
enrollment and follow-up interviews. Some 
covariates were pregnancy specific, vary-
ing among births to the same mother; these 
included parity, smoking status, and maternal 
age. Smoking status was defined at the esti-
mated time of conception for each pregnancy 
using the ages at which the mother reported 
starting and stopping smoking. Years of com-
pleted education and body mass index (BMI) 
were measured at the time of enrollment. A 
woman was classified as diabetic if she reported 
on any survey that she had ever been told by 
a doctor she had diabetes, other than during 
pregnancy. Informed consent for participation 
in the enrollment health interview, blood col-
lection, and release of medical records (separate 
forms) were obtained from study participants 
at enrollment by Brookmar Inc. (Parkersburg, 
WV) (Frisbee et al. 2009). Participants were 
also asked at enrollment to consent to be con-
tacted for future studies by the C8 Science 
Panel; those recruited for the follow-up study 
were consented by Battelle Inc. (Columbus, 
OH), who administered the follow-up inter-
views. Institutional review board approval was 
granted by Emory University.

Exposure assignment. Blood sample pro-
cessing and analytical methods for measure-
ment of PFOA and PFOS in the serum have 
been described in detail previously (Flaherty 
et al. 2005; Frisbee et al. 2009; Longnecker 
et al. 2008). Briefly, blood samples were 
shipped on dry ice daily from each data col-
lection site to the laboratory for analysis in 
batches. Serum PFOA and PFOS were mea-
sured by Exygen Research Inc. (State College, 
PA) using automated solid-phase extraction 
and reverse-phase high-performance liquid 
chromatography/tandem mass spectrometry. 
Duplicate samples were analyzed at AXYS 
Analytical Service Ltd. (Sidney, BC, Canada) 
(Frisbee et al. 2009). The intralaboratory 
coefficient of variation (CV) for both PFOA 
and PFOS was 0.1; the interlaboratory CV 
was 0.2 for PFOA and 0.1 for PFOS (Frisbee 
et al. 2009). All women included in this 
analysis were above the detection limit for 
PFOA (0.5 ng/mL); nine women below the 
detection limit for PFOS (0.5 ng/mL) were 
assigned a value of 0.25 ng/mL.

Statistical analysis. We analyzed the 
data using generalized estimating equations 
with an exchangeable correlation structure 
to account for multiple pregnancies to the 
same woman. Binary outcomes were ana-
lyzed using logistic regression models, and 
continuous birth weight was analyzed using 
linear regression. Effect estimates for untrans-
formed continuous PFOA and PFOS concen-
trations are scaled to an interquartile range 

(IQR) increase (i.e., 75th–25th percentile). 
Covariates included in all models were chosen 
a priori: maternal BMI at C8 Health Project 
enrollment based on standard categories (four 
categories: < 18.5, underweight; 18.5 to < 25, 
normal; 25 to < 30, overweight; ≥ 30, obese) 
(Centers for Disease Control and Prevention 
2011), years of education (< 12, 12, 13–15, 
≥ 16), self-reported diabetes (yes/no), mater-
nal age at the time of conception (cubic 
terms), smoking status at the time of con-
ception (current, former, never smoker) and 
parity (0, ≥ 1 previous live births for mother). 
Parity at the time of each birth reflected the 
mother’s entire self-reported reproductive 
history up until that birth. All of the mod-
els also controlled for time elapsed between 
serum measurement and conception (indica-
tor terms for –2, –1, 0, 1, 2, 3 years since 
serum measurement). Models for continuous 
birth weight controlled for gestational week 
of birth (37, 38, 39, 40, ≥ 41).

Our primary models included natural log-
transformed PFOA or PFOS concentrations 
as continuous exposures. We also modeled 
untransformed continuous concentrations and 
quintiles of PFOA and PFOS, and tested for 
trends across quintiles by including an ordinal 
variable for quintile in the model. The bot-
tom (referent) quintile for PFOA would cap-
ture approximately 90% of U.S. adult women 
based on NHANES (National Health and 
Nutrition Examination Survey) in 2003–2004, 
consistent with elevated exposure in the study 
population due to the introduction of PFOA 
from the DuPont plant into the environment. 
In contrast, the bottom quintile for PFOS, 
which was from background sources only, 
would capture approximately 10% (Calafat 
et al. 2007), perhaps reflecting decreasing tem-
poral trends in exposure or lower average expo-
sures to PFOS in this population relative to the 
general U.S. population.

For each outcome we conducted a  variety 
of sensitivity analyses, including analyses 
restricted to each woman’s first (i.e., soonest) 
birth conceived after blood sample collec-
tion (n = 783, referred to as “first prospective 
births”) to avoid possible biases related to 
effects of ongoing or recent pregnancies on 
serum PFOA and PFOS concentrations. This 
analysis also excluded any future pregnancies 
among women who were pregnant at enroll-
ment. We also conducted analyses excluding 
births to diabetic women, who have a higher 
baseline risk of many adverse pregnancy 
outcomes; analyses restricted to births that 
occurred in 2005–2007 only, which were clos-
est in time to blood sample collection; analyses 
adjusting for both PFOA and PFOS in the 
same model; and analyses using alternative 
forms of model covariates, for example con-
trolling for BMI using cubic terms instead of 
categories (BMI, BMI2, BMI3), and adjusting 

for birth year instead of time between concep-
tion and serum measurement. Additionally we 
conducted analyses of birth outcomes stratified 
by parity (first births to nulliparous women 
or births to parous women). All analyses were 
conducted using SAS version 9.2 software 
(SAS Institute Inc., Cary, NC).

Results
Characteristics of the 1,630 births among 
1,330 women included in the analyses are 
shown in Table 1. We observed several asso-
ciations consistent with the literature on risk 
factors for these outcomes. For example, 
higher parity was negatively associated with 
PIH, obesity was positively associated with 
PIH, diabetes was positively associated with 
preterm birth, and current smoking was 
negatively associated with birth weight (con-
tinuous) and positively associated with low 
birth weight (< 2,500 g) (see Supplemental 
Material, Table S1).

The distribution of maternal serum con-
centrations of PFOA and PFOS assigned 
to the 1,630 births and concentrations by 
maternal factors are shown in Table 2. Serum 
levels of PFOA and PFOS were modestly cor-
related (r = 0.30). The distribution of absolute 
concentrations (nanograms per milliliter) was 
similar between the two PFCs except for the 
top third of the distribution where PFOA 

Table 2. Maternal serum concentrations of PFOA 
and PFOS (ng/mL).

PFOA PFOS 
GM (SD)a 16.2 (2.8) 13.2 (1.9)
Mean ± SDa 31.0 ± 50.5 15.6 ± 8.9
n < LODa 0 11
Range (0.6–459.5) (LODb–92.9)
Percentilea

5th 3.7 5.1
25th 8.0 9.5
50th 14.3 13.9
75th 29.8 19.7
95th 114.1 31.8

Body mass indexc (GM)
Underweight, < 18.5 15.2 12.0
Normal, 18.5 to < 25 18.9 14.1
Overweight, 25 to < 30 16.5 13.6
Obese, ≥ 30 13.5 12.5

Educationc (GM)
< 12 years 12. 6 9.2
12 years 15.4 13.1
13–15 years 17.0 13. 8
≥ 16 years 17.7 14.3

Maternal agec (GM)
19–29 years 16.1 13.7
30–34 years 17.2 12.8
≥ 35 years 17.2 12.9

Parityc (GM)
0 previous live births 21.6 16.2
≥ 1 previous live birth 14.6 12.3

NHANES 2003–2004 (females)
GM (95% CI) (Calafat et al. 

2007)
3.5  

(3.2–3.8)
18.4  

(17.0–20.0)

Abbreviations: GM, geometric mean; LOD, limit of detection.
aAmong 1,630 births included in analysis. b0.25. cAmong 
1,330 women at time of enrollment. 



Darrow et al.

1210 volume 121 | number 10 | October 2013 • Environmental Health Perspectives

concentrations were more right-skewed (e.g., 
95th percentile for PFOA = 114 ng/mL vs. 
32 ng/mL for PFOS). Women with normal 
BMI, no previous births, or higher education 
at enrollment had higher PFOA and PFOS 
serum levels than other women.

Preterm birth. The prevalence of preterm 
birth was 9.7% (n = 158). There was little 
evidence of an association between PFOA 
or PFOS serum levels and preterm birth 
in the overall cohort or when restricted to 
783 births conceived after sample collec-
tion (i.e., the first prospective pregnancy) 
(Table 3). Sensitivity analyses of associa-
tions with log-transformed PFOA and PFOS 
(see Supplemental Material, Table S2) also 
showed little evidence of an association when 
models included alternative forms of covariate 
control, included both PFOA and PFOS, or 
were stratified by parity.

Pregnancy-induced hypertension. There 
were 106 birth records (6.5%) indicating 
PIH; 30 records indicating chronic hyper-
tension were excluded from this analysis. In 
the full cohort both PFOA and PFOS were 
associated with increased odds of PIH based 
on log-transformed and categorical analyses; 
we estimated a 27% increase in odds of PIH 
per log unit increase in PFOA (95% CI: 
15, 55%) and a 47% increase in odds of 
PIH per log unit increase in PFOS (95% CI: 
6, 104%) (Table 4). Odds ratios (OR) for 
quintiles of PFOA modeled as a categori-
cal variable ranged from 2.4 to 3.4 relative 
to the bottom quintile (test for linear trend 
across quintiles p = 0.005), although ORs did 
not increase monotonically and were simi-
lar among quintiles 3, 4, and 5. Categorical 
analyses of PFOS also showed elevated odds 
of PIH relative to the lowest quintile without 
a monotonic trend (p-trend = 0.11). Analyses 
restricted to the first prospective pregnancy 
showed similar patterns of association but 
with less precision due to the limited num-
bers. The OR (per log unit) for PFOS and 
PIH was higher in these subanalyses (2.02; 
95% CI: 1.11, 3.66).

Results of sensitivity analyses for log-
transformed PFOA and PFOS and PIH (see 
Supplemental Material, Table S3) were gen-
erally consistent with the primary analysis 
for PFOA. For PFOS, the OR for PIH was 
reduced to 1.17 (95% CI: 0.77, 1.78) when 
analyses were restricted to births during 2005–
2007, which were closest in time to the serum 
measurement, but more heavily weighted 
toward births that occurred before exposure 
assessment. Alternative approaches to covari-
ate control had little impact on PIH ORs for 
PFOA or PFOS. When stratified by parity, 
ORs for a log unit increase in serum con-
centrations were virtually identical between 
births to nulliparous and parous mothers for 
PFOA (see Supplemental Material, Table S3), 

but not for PFOS (OR = 0.92; 95% CI: 
0.64, 1.32 and OR = 2.23; 95% CI: 1.40, 
3.54, respectively). The OR for log-trans-
formed PFOS was less precise but otherwise 
similar to the OR for all births when restricted 
to nulliparous births conceived after serum 
collection (OR = 1.31; 95% CI: 0.72, 2.36).

Low birth weight. There were 88 births 
(5.5%) with a birth weight < 2,500 grams. 
There was little evidence of an associa-
tion between serum PFOA or PFOS levels, 
although estimates were imprecise (Table 5). 
ORs for low birth weight in association 
with a log unit increase in serum concentra-
tions were similar between nulliparous and 

parous births for PFOA (see Supplemental 
Material Table S4). For PFOS the ORs were 
1.05 (95% CI: 0.61, 1.78) for nulliparous 
and 1.20 (95% CI: 0.59, 2.45) for parous 
births. Sensitivity analyses did not meaning-
fully change the results.

Continuous birth weight in full-term 
infants. There were 1,470 term births 
included in the continuous birth weight 
analysis (Table 6). There was little evidence 
of an association with PFOA, regardless of 
how it was modeled. For PFOS, in the full 
study population there was a modest decrease 
in birth weight in association with increas-
ing serum PFOS that was not statistically 

Table 3. Associations between serum PFOA and PFOS and preterm birth (< 37 weeks).

PFC metric

Crude OR 
All births 

n = 1,628 (158 cases)

Adjusteda OR (95% CI) 
All births 

n = 1,628 (158 cases)

Adjusteda OR (95% CI)  
First prospectiveb 

n = 783 (73 cases)
PFOA
Per in unit increase 0.95 0.93 (0.78, 1.10) 1.09 (0.86, 1.37)
Per IQR increasec 0.96 0.95 (0.88, 1.04) 1.01 (0.92, 1.10)
Quintile (ng/mL) p-trend = 0.629 p-trend = 0.409

0 to < 6.9 1.0 (reference) 1.0 (reference) 1.0 (reference)
6.9 to < 11.1 1.69 1.56 (0.88, 2.76) 1.11 (0.42, 2.89)
11.1 to < 18.9 1.26 1.19 (0.66, 2.14) 1.30 (0.51, 3.27)
18.9 to < 37.2 1.32 1.21 (0.67, 2.19) 1.49 (0.62, 3.61)
≥ 37.2 1.13 1.01 (0.55, 1.86) 1.32 (0.53, 3.32)

PFOS
Per in unit increase 1.04 1.02 (0.78, 1.35) 1.02 (0.72, 1.45)
Per IQR increasec 1.03 1.03 (0.83, 1.27) 0.95 (0.73, 1.25)
Quintile (ng/mL) p-trend = 0.976 p-trend = 0.818

0 to < 8.6 1.0 (reference) 1.0 (reference) 1.0 (reference)
8.6 to < 12.1 1.21 1.11 (0.63, 1.94) 1.07 (0.44, 2.59)
12.1 to < 15.9 0.82 0.76 (0.42, 1.36) 0.63 (0.25, 1.59)
15.9 to < 21.4 1.09 1.00 (0.56, 1.78) 1.08 (0.47, 2.46)
≥ 21.4 1.09 1.07 (0.58, 1.95) 0.86 (0.36, 2.04)

aAdjusted for maternal age (cubic terms), educational level (< 12 years, 12, 13–15, ≥ 16), smoking status (current, former, 
non), parity (0, ≥ 1), BMI (underweight, normal, overweight, obese), self-reported diabetes, time between conception 
and serum measurement (year strata). bFirst pregnancy conceived after serum measurement among nonpregnant 
women. cUntransformed, IQR PFOS = 10 ng/mL, IQR PFOA = 22 ng/mL.

Table 4. Associations between serum PFOA and PFOS and PIH. 

PFC metric

Crude OR 
All births 

n = 1,600 (106 cases)

Adjusteda OR (95% CI) 
All births 

n = 1,600 (106 cases)

Adjusteda OR (95% CI) 
First prospectiveb 
n = 770 (43 cases)

PFOA
Per in unit increase 1.18 1.27 (1.05, 1.55) 1.23 (0.92, 1.64)
Per IQR increasec 1.04 1.06 (0.99, 1.14) 1.04 (0.92, 1.18)
Quintile (ng/mL) p-trend = 0.005 p-trend = 0.124

0 to < 6.9 1.0 (reference) 1.0 (reference) 1.0 (reference)
6.9 to < 11.1 2.37 2.39 (1.05, 5.46) 0.62 (0.13, 3.01)
11.1 to < 18.9 2.72 3.43 (1.50, 7.82) 2.68 (0.78, 9.23)
18.9 to < 37.2 2.71 3.12 (1.35, 7.18) 2.30 (0.66, 8.00)
≥ 37.2 2.59 3.16 (1.35, 7.38) 1.69 (0.45, 6.28)

PFOS
Per in unit increase 1.36 1.47 (1.06, 2.04) 2.02 (1.11, 3.66)
Per IQR increasec 1.13 1.16 (0.94, 1.43) 1.38 (1.05, 1.80)
Quintile (ng/mL) p-trend = 0.107 p-trend = 0.092

0 to < 8.6 1.0 (reference) 1.0 (reference) 1.0 (reference)
8.6 to < 12.1 1.48 1.46 (0.69, 3.11) 2.06 (0.49, 8.72)
12.1 to < 15.9 2.43 2.71 (1.33, 5.52) 3.92 (1.06, 14.53)
15.9 to < 21.4 2.03 2.21 (1.07, 4.54) 2.47 (0.67, 9.09)
≥ 21.4 1.45 1.56 (0.72, 3.38) 3.35 (0.94, 11.98)

aAdjusted for maternal age (cubic terms), educational level (< 12 years, 12, 13–15, ≥ 16), smoking status (current, former, 
non), parity (0, ≥ 1), BMI (underweight, normal, overweight, obese), self-reported diabetes, time between conception and 
serum measurement (year strata). bFirst pregnancy conceived after serum measurement among nonpregnant women. 
cUntransformed, IQR PFOS = 10 ng/mL, IQR PFOA = 22 ng/mL.
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significant. Quintile analyses showed a mono-
tonically decreasing trend in birth weight 
with increasing PFOS up to the fourth quin-
tile. Associations among the first prospec-
tive pregnancies showed similar patterns of 
association, but associations were stronger for 
PFOS and statistically significant (p < 0.05). 
Otherwise, sensitivity analyses were gener-
ally consistent with the primary analyses (see 
Supplemental Material, Table S5).

Discussion
In this community follow-up study of births 
between 2005 and 2010 in the Mid-Ohio 
Valley we observed little or no evidence of an 

association between maternal serum PFOA 
or PFOS and preterm birth or low birth 
weight, positive associations with PIH, and 
a suggestive (p > 0.05) negative association 
between PFOS and birth weight among full-
term infants. Subanalyses restricted to the 
births conceived after serum samples were col-
lected were largely consistent with the main 
analyses, but with stronger positive associa-
tions between PFOS and PIH, and stronger, 
statistically significant negative associations 
between PFOS and birth weight. Although 
the analysis was limited in power, we were 
able to assess birth outcomes in relation to 
preconception biomarkers of exposure, in 

contrast with previous studies of birth out-
comes and serum PFC concentrations mea-
sured in samples collected during or after 
pregnancy (Fei et al. 2007; Stein et al. 2009; 
Washino et al. 2009).

In our study population, PFOA and 
PFOS were only modestly correlated (r = 0.3), 
but both compounds were associated with 
maternal BMI and parity. These associa-
tions may reflect effects of body weight and 
parity on the metabolism and excretion of 
PFCs, which raises concerns that associations 
between PFCs and PIH also may be a con-
sequence of differences in pharmaco kinetics 
between women at risk of developing PIH 
and other women. As others have noted, this 
kind of bias could occur even in the context 
of a prospective study (Longnecker 2006) if 
elevated PFOS and PFOA serum levels in 
women who later go on to develop PIH are 
the result of impaired PFC clearance in these 
women rather than a causal effect of PFCs on 
PIH. This is plausible given that the pathology 
of PIH involves renal and hepatic dysfunction 
(Jim et al. 2010; Joshi et al. 2010; Wagner 
2004), organ systems that also regulate excre-
tion and metabolism of chemical exposures. 
Conversely, the involvement of kidney and 
liver function in hypertensive disorders of 
pregnancy also suggests that causal effects of 
PFCs are biologically plausible. Recent epi-
demiologic and toxicological studies have 
reported evidence of PFC effects on the kid-
ney and liver (Gallo et al. 2012; Lau et al. 
2007; Steenland and Woskie 2012; Steenland 
et al. 2010). PFC-induced kidney damage, 
for example, could lead to increased uric acid 
levels (hyperuricemia), which may play a 
direct role in the pathogenesis of gestational 
hypertension (Bainbridge and Roberts 2008; 
Bainbridge et al. 2009; Laughon et al. 2011; 
Mulla et al. 2011; Roberts et al. 2005).

We conducted multiple tests of association 
in this study. Given the existence of a prior 
body of evidence, we interpret our results in 
the context of previous findings, rather than 
perform a statistical correction for multiple 
comparisons. In our analyses of full-term 
infants with a wide range of PFOA exposure 
levels and background levels of PFOS, there 
was suggestive evidence of reduced birth 
weight with increasing PFOS, but not PFOA. 
In populations outside the Mid-Ohio Valley, 
several studies have reported associations 
between PFCs and measures of fetal growth, 
including birth weight (Apelberg et al. 2007; 
Fei et al. 2007; Washino et al. 2009). The 
modest estimated reduction in birth weight 
associated with increasing PFOS in our study 
population is compatible with the magni-
tude of associations reported in these other 
studies. As one approach to separating fetal 
growth from gestational length, we restricted 
birth weight analyses to full-term infants; 

Table 5. Associations between serum PFOA and PFOS and low birth weight (< 2,500 g).

PFC metric

Crude OR  
All births  

n = 1,629 (88 cases)

Adjusteda OR (95% CI)  
All births  

n = 1,629 (88 cases)

Adjusteda OR (95% CI)  
First prospectiveb 

n = 783 (45 cases)
PFOA
Per in unit increase 0.98 0.94 (0.75, 1.17) 1.07 (0.78, 1.47)
Per IQR increasec 0.97 0.95 (0.85, 1.06) 0.99 (0.87, 1.12)
Quintile (ng/mL) p-trend = 0.883 p-trend = 0.433

0 to < 6.9 1.0 (reference) 1.0 (reference) 1.0 (reference)
6.9 to < 11.1 0.94 0.94 (0.45, 1.98) 0.82 (0.23, 2.85)
11.1 to < 18.9 0.96 0.99 (0.48, 2.05) 1.03 (0.35, 3.06)
18.9 to < 37.2 1.12 1.25 (0.63, 2.46) 1.86 (0.67, 5.14)
≥ 37.2 0.89 0.92 (0.44, 1.95) 1.06 (0.32, 3.54)

PFOS
Per in unit increase 1.12 1.12 (0.75, 1.67) 0.97 (0.61, 1.54)
Per IQR increasec 1.12 1.12 (0.87, 1.44) 0.93 (0.63, 1.37)
Quintile (ng/mL) p-trend = 0.651 p-trend = 0.484

0 to < 8.6 1.0 (reference) 1.0 (reference) 1.0 (reference)
8.6 to < 12.1 1.46 1.48 (0.71, 3.08) 1.65 (0.52, 5.20)
12.1 to < 15.9 1.31 1.23 (0.57, 2.65) 0.95 (0.30, 3.01)
15.9 to < 21.4 1.29 1.31 (0.59, 2.94) 1.17 (0.36, 3.78)
≥ 21.4 1.34 1.33 (0.60, 2.96) 0.82 (0.25, 2.70)

aAdjusted for maternal age (cubic terms), educational level (< 12 years, 12, 13–15, ≥ 16), smoking status (current, former, 
non), parity (0, ≥ 1), BMI (underweight, normal, overweight, obese), self-reported diabetes, time between conception 
and serum measurement (year strata). bFirst pregnancy conceived after serum measurement among nonpregnant 
women. cUntransformed, IQR PFOS = 10 ng/mL, IQR PFOA = 22 ng/mL.

Table 6. Associations between serum PFOA and PFOS and birth weight in full-term infants.

PFC metric

Crude ∆ grams 
All births 
n = 1,470

Adjusteda ∆ grams (95% CI) 
All births 
n = 1,470

Adjusteda ∆ grams (95% CI) 
First prospectiveb 

n = 710
PFOA
Per in unit increase –9 –8 (–28, 12) 5 (–22, 33)
Per IQR increasec –5 –5 (–13, 2) 1 (–10, 11)
Quintile (ng/mL) p-trend = 0.701 p-trend = 0.622

0 to < 6.9 0 (reference) 0 (reference) 0 (reference)
6.9 to < 11.1 21 35 (–33, 105) 135 (34, 236)
11.1 to < 18.9 –35 –9 (–79, 61) 26 (–71, 124)
18.9 to < 37.2 –1 4 (–65, 72) 56 (–37, 149)
≥ 37.2 –3 0 (–68, 69) 74 (–20, 169)

PFOS
Per in unit increase –18 –29 (–66, 7) –49 (–90, –8)
Per IQR increasec –12 –23 (–48, 3) –29 (–58, 0)
Quintile (ng/mL) p-trend = 0.045 p-trend = 0.006

0 to < 8.6 0 (reference) 0 (reference) 0 (reference)
8.6 to < 12.1 0 –25 (–96, 48) –33 (–140, 74)
12.1 to < 15.9 –45 –37 (–109, 35) –115 (–216, –14)
15.9 to < 21.4 –76 –83 (–152, –13) –149 (–244, –54)
≥ 21.4 –14 –54 (–124, 17) –105 (–196, –13)

aAdjusted for maternal age, educational level (< 12 years, 12, 13–15, ≥ 16), smoking status (current, former, non), parity 
(0, ≥ 1), BMI (underweight, normal, overweight, obese), self-reported diabetes, time between conception and serum 
measurement (year strata), indicator variables for gestational week (37, 38, 39, 40, ≥ 41). bFirst pregnancy conceived 
after serum measurement among nonpregnant women. cUntransformed, IQR PFOS = 10 ng/mL, IQR PFOA = 22 ng/mL.
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however, the public health implications of a 
small reduction in birth weight among full-
term infants are unclear. In contrast, low birth 
weight (< 2,500 g) strongly predicts morbidity 
and mortality but is highly concentrated in 
preterm infants. We did not observe associa-
tions between PFOA or PFOS and low birth 
weight, but effect estimates were imprecise. 
Other recent studies of Mid-Ohio Valley 
residents have provided little evidence of asso-
ciations between PFOA and measures of fetal 
growth (i.e., birth weight, low birth weight, 
small for gestational age); however, Stein et al. 
(2009) reported an association between mater-
nal serum PFOS and mother-reported low 
birth weight.

To our knowledge, the only previous 
 studies to assess hypertensive disorders of preg-
nancy in relation to PFCs were also conducted 
in the Mid-Ohio Valley. Serum PFOA and 
PFOS concentrations were weakly associ-
ated with maternally reported preeclampsia 
in previous births (Stein et al. 2009). Other 
studies conducted in this population have 
utilized individual PFOA exposure estimates 
that can be used to retrospectively estimate 
exposures during previous pregnancies based 
on spatiotemporal models of PFOA releases, 
air and water dispersion, and residential his-
tories. Although these studies are subject to 
other sources of exposure measurement error, 
in contrast with estimates based on biomarkers, 
these exposure estimates cannot be biased by 
factors that influence the excretion and metab-
olism of PFOA. In one such study, Savitz et al. 
(2012a) reported a modest association between 
modeled PFOA exposures and self-reported 
preeclampsia. However, in a second analysis 
based on birth record data, PFOA exposures 
were not associated with PIH unless the his-
torically modeled exposures were calibrated to 
serum concentrations measured in 2005 and 
2006 (Savitz et al. 2012b). Thus, there is some 
inconsistency in associations between PFOA 
and hypertensive disorders of pregnancy in the 
few studies conducted to date.

Analyses restricted to pregnancies con-
ceived after collection of the serum samples 
were motivated by concerns about measure-
ment error in the exposure and covariates. 
There is direct and indirect evidence that preg-
nancy and breastfeeding may decrease mater-
nal circulating PFC concentrations, although 
the magnitude of decrease is unclear (Fei et al. 
2010; Fromme et al. 2010; Thomsen et al. 
2010; Whitworth et al. 2012). Thus it is pos-
sible that serum concentrations in samples 
collected after a recent birth are a poor surro-
gate measure of pre pregnancy exposures, par-
ticularly for compounds with a narrow range 
of exposure levels. In addition, for women 
who were pregnant at the time of blood 
draw, maternal blood expansion during preg-
nancy could have distorted the PFC serum 

measurements, with potential differential mea-
surement error by PIH or other conditions 
(Ganzevoort et al. 2004). In contrast, this and 
other unmeasured characteristics of pregnancy 
(e.g., weight gain during pregnancy) could not 
have biased serum concentrations as a bio-
marker of exposure biomarker for pregnancies 
conceived after sample collection. In addition, 
BMI measured at enrollment represents pre-
pregnancy BMI in this subset of the study 
population, whereas in the main analyses, 
enrollment BMI represents BMI during preg-
nancy or after pregnancy for some individuals. 
Pre pregnancy BMI is relevant as a predictor 
of the birth outcomes (Marshall and Spong 
2010)—although if BMI directly affects the 
biomarker of exposure, BMI measured at the 
time of the biomarker could potentially be the 
more important confounder. Despite these 
concerns, in general, the results of analyses 
restricted to first pregnancies conceived after 
sample collection were consistent with the 
main analyses, albeit less precise. However, 
associations in this subgroup were stronger 
for PFOS and PIH, and negative associa-
tions were stronger for PFOS and term birth 
weight. For PFOA, results were more similar 
among prospective and retrospective pregnan-
cies than those for PFOS. It is possible that 
modest decreases in a woman’s body burden 
of PFOA due to pregnancy, breastfeeding, 
weight gain during pregnancy, or other fac-
tors may have less of an impact on exposure 
ranking for PFOA than for PFOS in our study 
setting; because of the wide range of exposures 
for PFOA, a larger amount of measurement 
error would be required to misclassify the 
women with high serum PFOA as low.

The estimated conception date for almost 
all of the births (> 99%) was within 3 years 
of the serum measurement, which is close 
to the average half-lives of PFOA (3.8 years) 
and PFOS (5.4 years) (Olsen et al. 2007). 
Average serum concentrations of PFOA were 
likely to have decreased over the study period 
due to awareness of the water contamination 
in this community, distribution of bottled 
water in affected districts, and installation of 
filters on the water distribution systems in 
2007. The average trend in PFOS is more 
difficult to predict, but concentrations have 
been decreasing in the United States, accord-
ing to NHANES data (Calafat et al. 2007). 
Sensitivity analyses restricted to births clos-
est in time to the serum measurements (i.e., 
births in 2005–2007) were consistent with 
the main analyses, but exposure measure-
ment error due to changes in exposure over 
time, after serum samples were collected, is a 
 limitation of the study.

Whereas birth weight is thought to be 
accurately recorded on the birth record, 
gestational age is recorded with substantial 
error, and PIH is known to be underreported 

(Lydon-Rochelle et al. 2005; Northam and 
Knapp 2006). In addition, the field for PIH 
on the birth record generally does not spec-
ify whether hypertension was accompanied 
by protein in the urine (i.e., preeclampsia). 
Thus, the inability to distinguish between pre-
eclampsia and PIH without proteinurea is 
a limitation of our study and previous stud-
ies in this community, none of which has 
independently validated measures of disease. 
However, although the quality of birth record 
data may have obscured associations with 
serum PFCs, outcome misclassification inde-
pendent of exposure would be unlikely to 
induce a spurious association.

We observed several expected associations 
with established risk factors that provided 
some degree of confidence in the outcome 
data. PIH showed expected associations with 
parity, obesity, and diabetes (Wagner 2004). 
Preterm birth was associated with maternal 
education, diabetes, and parity (Institute of 
Medicine 2007). Current maternal smoking 
was associated with a 183-g decrease in birth 
weight at term, remarkably close to the aver-
age 200-g decrease in birth weight expected 
based on the literature (U.S. Department of 
Health and Human Services 2004). Although 
few of these known risk factors appeared to 
be strong confounders in our analysis, the 
availability of individual-level data on a wide 
range of possible confounders obtained from 
multiple  participant interviews is a strength 
of the study.

In conclusion, we observed evidence of 
associations between serum PFOA and PFOS 
and PIH, and between PFOS and birth 
weight among full-term infants, but little evi-
dence of associations with low birth weight or 
preterm birth in a community cohort highly 
exposed to PFOA. In light of previous find-
ings in the Mid-Ohio Valley with regard to 
PFCs and hypertensive disorders of preg-
nancy, and the biological plausibility of such 
associations, further investigation with more 
refined outcome classification is warranted.

RefeRences

Apelberg BJ, Witter FR, Herbstman JB, Calafat AM, Halden RU, 
Needham LL, et al. 2007. Cord serum concentrations of 
perfluorooctane sulfonate (PFOS) and perfluorooctano-
ate (PFOA) in relation to weight and size at birth. Environ 
Health Perspect 115:1670–1676; doi:10.1289/ehp.10334.

Bainbridge SA, Roberts JM. 2008. Uric acid as a pathogenic 
factor in preeclampsia. Placenta 29(suppl A):S67–S72.

Bainbridge SA, von Versen-Hoynck F, Roberts JM. 2009. Uric 
acid inhibits placental system A amino acid uptake. 
Placenta 30(2):195–200.

C8 Science Panel. 2013. Summary of the C8 Science Panel 
Studies. Available: http://www.c8sciencepanel.org/
studies.html [accessed 2 March 2013].

Calafat AM, Wong LY, Kuklenyik Z, Reidy JA, Needham LL. 
2007. Polyfluoroalkyl chemicals in the U.S. population: data 
from the National Health and Nutrition Examination Survey 
(NHANES) 2003–2004 and comparisons with NHANES 
1999–2000. Environ Health Perspect 115:1596–1602; 
doi:10.1289/ehp.10598.

Centers for Disease Control and Prevention. 2011. How Is 

http://www.c8sciencepanel.org/studies.html
http://www.c8sciencepanel.org/studies.html


PFCs and pregnancy outcome

Environmental Health Perspectives • volume 121 | number 10 | October 2013 1213

Bmi Calculated and Interpreted? Available: http://www.
cdc.gov/healthyweight/assessing/bmi/adult_bmi/index.
html#Interpreted [accessed 2 March 2013].

Fei C, McLaughlin JK, Lipworth L, Olsen J. 2010. Maternal 
concentrations of perfluorooctanesulfonate (PFOS) and 
perfluorooctanoate (PFOA) and duration of breastfeeding. 
Scand J Work Environ Health 36(5):413–421.

Fei C, McLaughlin JK, Tarone RE, Olsen J. 2007. Perfluorinated 
chemicals and fetal growth: a study within the Danish 
National  Birth Cohort .  Environ Health Perspect 
115:1677–1682; doi:10.1289/ehp.10506.

Flaherty JM, Connolly PD, Decker ER, Kennedy SM, 
Ellefson  ME, Reagen WK, et  al. 2005. Quantitative 
determination of perfluorooctanoic acid in serum and 
plasma by liquid chromatography tandem mass spec-
trometry. J Chromatogr B Analyt Technol Biomed Life Sci 
819(2):329–338.

Frisbee SJ, Brooks AP Jr, Maher A, Flensborg P, Arnold S, 
Fletcher T, et al. 2009. The C8 Health Project: design, 
methods, and participants. Environ Health Perspect 
117:1873–1882; doi:10.1289/ehp.0800379.

Fromme H, Mosch C, Morovitz M, Alba-Alejandre I, Boehmer S, 
Kiranoglu M, et al. 2010. Pre- and postnatal exposure to 
perfluorinated compounds (PFCs). Environ Sci Technol 
44(18):7123–7129.

Gallo V, Leonardi G, Genser B, Lopez-Espinosa MJ, Frisbee SJ, 
Karlsson L, et al. 2012. Serum perfluorooctanoate (PFOA) 
and perfluorooctane sulfonate (PFOS) concentrations and 
liver function biomarkers in a population with elevated 
PFOA exposure. Environ Health Perspect 120:655–660; 
doi:10.1289/ehp.1104436.

Ganzevoort W, Rep A, Bonsel GJ, de Vries JI, Wolf H. 2004. 
Plasma volume and blood pressure regulation in hyperten-
sive pregnancy. J Hypertens 22(7):1235–1242.

Hamm MP, Cherry NM, Chan E, Martin JW, Burstyn I. 2010. 
Maternal exposure to perfluorinated acids and fetal 
growth. J Expo Sci Environ Epidemiol 20(7):589–597.

Inst i tute of  Medicine.  2007.  Preterm Birth Causes, 
Consequences and Prevention. Washington DC:National 
Academies Press.

Jim B, Sharma S, Kebede T, Acharya A. 2010. Hypertension 
in pregnancy: a comprehensive update. Cardio Rev 
18(4):178–189.

Joshi D, James A, Quaglia A, Westbrook RH, Heneghan MA. 
2010. Liver disease in pregnancy. Lancet 375(9714):594–605.

Lau C, Anitole K, Hodes C, Lai D, Pfahles-Hutchens A, Seed J. 

2007. Perfluoroalkyl acids: a review of monitoring and toxi-
cological findings. Toxicol Sci 99(2):366–394.

Laughon SK, Catov J, Powers RW, Roberts JM, Gandley RE. 
2011. First trimester uric acid and adverse pregnancy out-
comes. Am J Hypertens 24(4):489–495.

Longnecker MP. 2006. Pharmacokinetic variability and the 
miracle of modern analytical chemistry. Epidemiology 
17(4):350–351.

Longnecker MP, Smith CS, Kissl ing GE, Hoppin JA, 
Butenhoff JL, Decker E, et al. 2008. An interlaboratory 
study of perfluorinated alkyl compound levels in human 
plasma. Environ Res 107(2):152–159.

Lydon-Rochelle MT, Holt VL, Cardenas V, Nelson JC, 
Easterling TR, Gardella C, et al. 2005. The reporting of pre-
existing maternal medical conditions and complications of 
pregnancy on birth certificates and in hospital discharge 
data. Am J Obstet Gynecol 193(1):125–134.

Marshall NE, Spong CY. 2012. Obesity, pregnancy compli-
cations, and birth outcomes. Semin Reprod Med 
30(6):465–71; doi:10.1055/s-0032-1328874. 

Midasch O, Drexler H, Hart N, Beckmann MW, Angerer J. 2007. 
Transplacental exposure of neonates to perfluorooctane-
sulfonate and perfluorooctanoate: a pilot study. Int Arch 
Occup Environ Health 80(7):643–648.

Mulla MJ, Myrtolli K, Potter J, Boeras C, Kavathas PB, 
Sfakianaki AK, et al. 2011. Uric acid induces trophoblast 
IL-1β production via the inflammasome: implications for 
the pathogenesis of preeclampsia. Am J Reprod Immunol 
65(6): 542–548.

Nolan LA, Nolan JM, Shofer FS, Rodway NV, Emmett EA. 
2010. Congenital anomalies, labor/delivery complications, 
maternal risk factors and their relationship with perflu-
orooctanoic acid (PFOA)-contaminated public drinking 
water. Reprod Toxicol 29(2):147–155.

Northam S, Knapp TR. 2006. The reliability and validity of birth 
certificates. J Obstet Gynecol Neonatal Nurs 35(1):3–12.

Olsen GW, Burris JM, Ehresman DJ, Froehlich JW, Seacat AM, 
Butenhoff JL, et al. 2007. Half-life of serum elimination 
of perfluorooctanesulfonate, perfluorohexanesulfonate, 
and perfluorooctanoate in retired fluorochemical produc-
tion workers. Environ Health Perspect 115:1298–1305; doi: 
10.1289/ehp.10009.

Roberts JM, Bodnar LM, Lain KY, Hubel CA, Markovic N, 
Ness RB, et al. 2005. Uric acid is as important as protein-
uria in identifying fetal risk in women with gestational 
hypertension. Hypertension 46(6):1263–1269.

Savitz DA, Stein CR, Bartell SM, Elston B, Gong J, Shin HM, 
et  al. 2012a. Perfluorooctanioic acid exposure and 
pregnancy outcome in a highly exposed community. 
Epidemiology 23(3):386–392.

Savitz DA, Stein CR, Elston B, Wellenius GA, Bartell SM, 
Shin HM, et al. 2012b. Relationship of perfluorooctanoic 
acid exposure to pregnancy outcome based on birth 
records in the Mid-Ohio Valley. Environ Health Perspect 
120:1201–1207; doi:10.1289/ehp.1104752.

Steenland K, Jin C, MacNeil J, Lally C, Ducatman A, Vieira V, 
et al. 2009. Predictors of PFOA levels in a community 
surrounding a chemical plant. Environ Health Perspect 
117:1083–1088; doi:10.1289/ehp.0800294.

Steenland K, Tinker S, Shankar A, Ducatman A. 2010. 
Association of perfluorooctanoic acid (PFOA) and per-
fluorooctane sulfonate (PFOS) with uric acid among adults 
with elevated community exposure to PFOA. Environ 
Health Perspect 118:229–233; doi:10.1289/ehp.0900940.

Steenland K, Woskie S. 2012. Cohort mortality study of work-
ers exposed to perfluorooctanoic acid. Am J Epidemiol 
176(10):909–917.

Stein CR, Savitz DA, Dougan M. 2009. Serum levels of 
perfluoro octanoic acid and perfluorooctane sulfonate and 
pregnancy outcome. Am J Epidemiol 170(7):837–846.

Thomsen C, Haug LS, Stigum H, Froshaug M, Broadwell SL, 
Becher G. 2010. Changes in concentrations of perfluo-
rinated compounds, polybrominated diphenyl ethers, 
and polychlorinated biphenyls in Norwegian breast-milk 
during twelve months of lactation. Environ Sci Technol 
44(24):9550–9556.

U.S. Department of Health and Human Services. 2004. The 
Health Consequences of Smoking: A Report of the 
Surgeon General. Washington DC:U.S. Department of 
Health and Human Services. 

Wagner LK. 2004. Diagnosis and management of preeclampsia. 
Am Fam Physician 70(12):2317–2324.

Washino N, Saijo Y, Sasaki S, Kato S, Ban S, Konishi K, et al. 
2009. Correlations between prenatal exposure to perfluori-
nated chemicals and reduced fetal growth. Environ Health 
Perspect 117:660–667; doi:10.1289/ehp.11681.

Whitworth KW, Haug LS, Baird DD, Becher G, Hoppin JA, 
Skjaerven R, et  al. 2012. Perfluorinated compounds 
and subfecundity in pregnant women. Epidemiology 
23(2):257–263.

http://www.cdc.gov/healthyweight/assessing/bmi/adult_bmi/index.html#Interpreted
http://www.cdc.gov/healthyweight/assessing/bmi/adult_bmi/index.html#Interpreted
http://www.cdc.gov/healthyweight/assessing/bmi/adult_bmi/index.html#Interpreted

